Abstract. Melting experiments have been performed on anhydrous mantle peridotite KLB-1 at 5 to 22.5 GPa using the multianvil press, with special attention paid to precision and accuracy of temperature and pressure measurement, oxygen fugacity, equilibrium, temperature gradient, and the effects of temperature gradient on the phase diagrams. The new phase diagram reveals complexities in the liquidus and solidus phase relations that were not reported by Takahashi 
Introduction
The liquidus phase relations for mantle peridotite to pressures extending into the lower mantle are important for testing possible magma ocean origins for early Earth history. The solidus phase relations are important because they constrain the compositions of magmas formed on it, and the temperatures of the solidus constrain the conditions of melting and the rheological properties of the mantle. Both kinds of information are contained in the phase diagram for mantle peridotite.
The first estimates of the phase diagram for mantle peridotite in the melting region and at pressures exceeding 10 GPa [Herzberg, 1983] were roughly supported by pioneering experimental observations made possible by the multianvil press in Japan [Takahashi and Scarfe, 1985; Takahashi, 1986; Takahashi et al., 1985; Ito and Takahashi, 1987] . Experiments performed on mantle peridotite KLB-1 [Takahashi, 1986;] showed that the solidus and liquidus, which differ by --•500øC at 1 atm, appeared to converge at about 15 GPa. At this pressure of apparent convergence, mantle peridotite was observed to be multiply saturated in olivine and garnet [Takahashi, 1986; Ito and Takahashi, 1987] . But the data were not of sufficiently high resolution to determine if it was also saturated in other crystalline phases, an observation that would have provided strong support for a partial melt [Herzberg and O'Hara, 1985] or residual liquid origin for mantle peridotite. The problem of forming mantle peridotite by crystal-liquid differentiation was subsequently examined from the point of view of trace element partitioning [e.g., Kato et al., 1988a, b; Agee and Walker, 1988] , although trace element tests are ambiguous for mantle peridotite that has experienced subsequent stages of partial melting with garnet in the residuum [Herzberg and Gasparik, 1991] .
These early high-pressure melting studies have been reproduced in a qualitative manner in that there is overall agreement with the general topological characteristics of the phase diagram [Herzberg et al., 1990] (also this work). However, a number of melting studies on mantle peridotite have revealed complexities that were not reported by Takahashi [1986] . These are the observation of magnesiow•stite saturation at 16.5 GPa [McFarlane et al., 1991] , disagreements in the pressure at which orthopyroxene remains a crystallizing phase [Takahashi, 1986; Takahashi et al., 1993; Herzberg, 1992; Canil, 1992] , and solidus temperature determinations that are consistently higher [Herzberg et al., 1990] 
Experimental Method
Samples of peridotite KLB-1 were kindly donated by E. Takahashi, and several experiments were reported at 14 GPa [Herzberg et al., 1990] . Chemical analyses of KLB-1 reported by Takahashi [1986] are given in Table 1 and are in fairly good agreement with analyses determined by direct current plasma (DCP) emission spectroscopy at Rutgers [Herzberg et al., 1990] . All experiments were conducted with the multianvil apparatus at Stony Brook. Detailed descriptions of the press, the 10-mm sample assemblies, and the experimental methods have been published [Gasparik, 1989 Herzberg et al., 1990; Liebermann and Wang, 1992 ].
The high-pressure assemblies were configured with W3%Re versus W2$%Re thermocouples positioned along the axis of the lanthanum chromite heaters as described previously [Gasparik, 1989; Herzberg et at., 1990] . Assemblies with 10-mm octahedral edge lengths were used at pressures of >-15 GPa in conjunction with tungsten carbide cubic anvils with corners honed down to triangular faces 4 mm or $ mm in edge length. Assemblies with 14-mm edge lengths were used at pressures of •10 GPa, together with 8-mm tungsten carbide edge lengths. This 14/8-mm system is basically a scaled-up version of the 10/5 system that has been described previously [Gasparik, 1989; Herzberg et at., 1990] , and its construction is shown in Figure 1 .
The pressure calibration curves used in this study for the 10/4 and 10/5 systems are the ones reported by Gasparik [1989 KLB-1 powder was loaded into unwelded rhenium foil. The assemblies containing the sample, thermocouple, lanthanum chromite heater, and spacers were constructed and then fired at 1000øC in an argon atmosphere for I hour prior to running to expel all water. The oxygen fugacity of this system is slightly more oxidizing than the iron-wfistite buffer, and this is discussed below. The assembly was pressurized first, then heated to the desired temperature. About 15 to 20 min of heating was required to reach the target temperature, which was then maintained for a run duration of 2 to 12 min (Table 2) , and the experiment was terminated by cutting off the power. A 105-Pa thermocouple emf-temperature relation was used with no corrections made for pressure. These emf readings are included in Table 2 There now exist many published descriptions of the temperature gradient in 10-mm assemblies [Gasparik, 1989; Herzberg et al., 1990; Presnall and Gasparik, 1990; Herzberg, 1992] . The temperature gradient in 14-mm assemblies has been determined by mapping the isobaric shifts in the solidus with increasing temperature, and the results are shown in Figure 3 Table 2 is L, el, epx, Gt, Cpx [el, Gt, Cpx], with phases in square brackets indicating the phases which are observed immediately below the solidus (symbols are defined in the caption for Figure 6 ). The thermocouple emf is valid at only one point along this temperature gradient, and this can pose a problem in determining which of these phase assemblages the thermocouple emf is valid for. In most experiments the hot spot can be observed, and it is usually located about 0.5 ---0.2 mm from the thermocouple junction, a distance that is common to both 10-and 14-mm assemblies.
Since the temperature gradient is approximately symmetrical on each side of the hot spot, the phase assemblage that is stable for the nominal temperature is the one that is observed 0.5 _ 0.2 mm from the hot spot toward the cold end of the capsule. For KLB1-34 this is [L + el], indicated by the asterisk in Table 2 
Experimental Results

Phase Equilibria
The experimental results listed in Table 2 are shown in At 14 GPa there is a change in the liquidus mineralogy from olivine below to garnet above, and there is multiple saturation in both at this pressure (Figures 6 and 7) . Most of the 14-GPa experiments shown in Figure 6 are those reported earlier (by Herzberg et al. [1990] for KLBI-1 to KLB1-6) in which molybdenum capsules were used. These results are reproduced here using rhenium capsules, and the runs were made with and without metallic iron (KLB1-37 and KLB1-38). In the absence of Feø, the liquidus phase at 14 GPa is garnet, and olivine appears several degrees below, (Table 2 ).
ducted at 2135øC and 15.5 GPa (Table 2) were designed to test both the effect of run duration on the crystallization sequence, as discussed above, and the level of reproducibility that can be achieved. We intentionally choose 15.5 GPa because it is at this pressure that the largest number of important phase changes exists (Figure 6 ), and therefore there is the greatest risk of obtaining discrepant results. However, we were able to reproduce the same experimental result every time (Table 2) A cusp is very prominent in the solidus at 15.5 GPa where olivine transforms into modified spinel and where all clinopyroxene becomes dissolved into garnet (Figure 6 ). There is a strong change in the slope dT/dP of the solidus at higher pressures, and in the 18-to 22.5-GPa range it appears flat. It is important to note, however, that the phase diagrams for KLB-1 reported here and by Shimazaki and Takahashi [1993] have no negative slopes in the melting curves as had been reported earlier [Takahashi, 1986] .
Discussion of Results
The first liquidus phase diagrams that were experimentally determined for peridotite compositions with the multianvil press [Takahashi and $caroee, 1985; Takahashi there is overall agreement in the general topological aspects of the phase diagrams. However, many geological problems require highly precise temperature, pressure, and phase equilibrium information, and it is in the quantitative aspects of the phase diagrams that disagreements have emerged. This problem has been mostly an artifact of differences in experimental method. We are encouraged to see that the most recent phase diagram for KLB-I reported by Shimazaki and is very similar to the one reported here (Figure 6 ) and that this agreement stems from common experimental methods that were used in the two studies. In particular, use of thermocouples that enter the assembly down the axis of the heater yields temperatures that are remarkably consistent. Many aspects of the experimental method that have been examined in this paper are supplemental to work that has been reported elsewhere [Herzberg eta!., 1990; Gasparik, 1989 Presnall and Gasparik, 1990; Liebermann and Wang, 1992] . Precision in temperature measurement using W3 %Re versus W25 %Re thermocouples is within _+30øC, and uncertainties stemming from both precision and accuracy may be as good as -+ 50øC over the entire 5-to 22.5-GPa range. Precision in measurement of pressure with 10-mm assemblies is well within +0.25 GPa. The oxygen fugacity of 10-mm and 14-mm assemblies that contain peridotite starting material wrapped in unwelded rhenium foil is slightly more oxidizing than the iron-wtistite buffer. The temperature gradient in 14-mm assemblies has been characterized and is so small near the hot spot that melt migration is retarded. Electron probe data, which will be reported in a forthcoming paper, document the extent of melt migration in a temperature gradient for both 10-and 14-mm assemblies. However, triplicate experiments done on KLB-1 at constant temperature and pressure demonstrate that there is no change in the sequence of crystalline phases that appear down the temperature gradient for run durations that span 2 to 12 min in 10-mm assemblies. Chemical equilibrium is reached within 3 min for experiments in the 2000øC range [Herzberg eta!., 1990 ]. Solution and reprecipitation, which are excellent textural criteria for equilibrium, are observed to occur for olivine and garnet crystals.
The new phase diagram for mantle peridotite reported here will be most important for understanding deep melting processes that occur in plumes [Herzberg, 1992] . In particular, the solidus temperatures and phase equilibria are essential for understanding how hot the plumes can be and the compositions of komatiites that can form in them. But the phase diagram is also important in addressing a number of theories for the very origin of mantle peridotite. intriguing possibility is that the bulk Earth MgO/SiO2 is greater than that for pyrolite, in which case fractionation of magnesiowtistite to the lower mantle can be inferred from our experimental results. In any case, we end with the cautionary note that MgQ/SiO2 is a property of the Earth that must be measured rather than assumed, and it remains to be determined whether the liquidus phase equilibria reported here are important for understanding Earth structure.
